In a previous study we showed a temporally graded retrograde amnesia after hippocampal lesions when rats learned a spatial reference memory task in which two types of signals simultaneously indicated the goal arm (shape of the experimental room and extramaze landmarks). To investigate the effect that the navigational demands of the task have on remote memory expression, the same task was used in the present study as in our previous report, but on this occasion the shape of the surroundings was not predictive, which resulted in a highly demanding spatial task. Additionally, animals received extensive training in an early phase to ensure that the task was well learned. Results indicated a profound retrograde amnesia when dorsal hippocampal lesions were made 1 or 70 d after the end of the training (experiments 1 and 2). Using a long period of retraining, however, lesioned animals in the 70-d groups showed progressively more spared memory than the lesioned rats of the 1-d group. Experiments 3 and 4 showed that rats did not learn the above spatial task through an S-R association. Specifically, when animals acquired the task using a single cue (intra-or extramaze), hippocampal lesions did not produce retrograde amnesia. These findings support the possibility that in a highly demanding spatial task, hippocampal lesions produce a performance/navigational impairment that could interfere with the expression of spared remote spatial memory. The long period of retraining, however, seems to partially compensate for this deficit, but only when a long learning-surgery interval is employed.
The surprising observation that patient HM had profound amnesia for recent events, but still had access to remote memory, has prompted a number of studies about the nature and significance of retrograde amnesia (Milner et al. 1968 (Milner et al. , 1998 Squire 2009 ; see also Corkin 2002; Steinvorth et al. 2005; Salat et al. 2006) . Over the last 15 yr, clinical observations in amnesic patients, for whom detailed neuropathological and neuropsychological information is available, have confirmed these initial data, showing graded retrograde amnesia following damage limited to the hippocampus or following large medial temporal lobe lesions (Squire et al. 2004a; Moscovitch et al. 2006) . In these studies, profound amnesia for recent material (episodic and semantic) has been observed; however, while some laboratories have found remote semantic memories to be spared and remote episodic memories to be affected (Cipolotti et al. 2001; Gilboa et al. 2006; Noulhiane et al. 2007) , others have reported that both remote semantic and episodic are spared (Manns et al. 2003; Bayley et al. 2006; Bright et al. 2006; Kirwan et al. 2008) .
The identifiable gradient associated with retrograde amnesia has been a key factor in proposing theories about the specific role played by the hippocampus and its related cortices in memory (Frankland et al. 2007; Nadel et al. 2007 ). Thus, with the aim of looking further into the phenomenon of temporally graded retrograde amnesia, animal models of human memory impairment have recently been developed (Zola-Morgan and Squire 1990; for review, see Squire et al. 2004b; Frankland and Bontempi 2005) . In rodents, graded retrograde amnesia has been easily reproduced using different nonspatial paradigms, for example, contextual fear (Kim and Fanselow 1992; Anagnostaras et al. 1999; Frankland et al. 2004; Wiltgen et al. 2006; Wang et al. 2009 ; but see Lehmann et al. 2007; Sutherland et al. 2008) , social transmission of food preference (Winocur 1990; Clark et at. 2002 ; see also Ross and Eichenbaum 2006) , and trace eyeblink conditioning (Kim et al. 1995; Takehara et al. 2003) . In all of these studies, recently acquired memories are typically more impaired than remote memories after hippocampal damage.
An intriguing aspect of the graded retrograde amnesia phenomenon, however, is that it appears elusive and inconsistent, and difficult to reproduce, when spatial tasks are used. Specifically, when using the water maze task, in general, the retrograde amnesia observed is flat, with both recent and remote memories being profoundly impaired (Bolhuis et al. 1994; Mumby et al. 1999; Sutherland et al. 2001; Clark et al. 2005a,b; Martin et al. 2005; Broadbent et al. 2006; Teixeira et al. 2006) , with only a minor number of studies showing graded retrograde amnesia (Shimizu et al. 2000; Remondes and Schuman 2004) . Somewhat more consistent results are found when the animals are trained in a spatial task in a radial-arm maze or when they must solve an allocentric problem in an open field. In this case, more than half of the studies published to date, have shown a temporally graded retrograde amnesia following hippocampal lesions or inactivation (Ramos 1998; Kubie et al. 1999; Maviel et al. 2004 ; see also Cho et al. 1993; Cho and Kesner 1996; Winocur et al. 2005a; Tse et al. 2007) , while the others show a flat retrograde amnesia (LaurentDemir and Jaffard 1997; Winocur et al. 2005b; Haijima and Ichitani 2008) . The absence of a hippocampal gradient in some of the aforementioned studies, however, does not mean that brain circuits involved in water-or radial-maze memories are not reorganized over time during systems-level consolidation, as other studies have shown in nonspatial paradigms (Takehara et al. 2003; Ross and Eichenbaum 2006) . For example, in the Morris water maze test, the anterior cingulate cortex and the intralaminar thalamic nuclei are necessary for the expression of remote, but not of recent, memory (Teixeira et al. 2006; Lopez et al. 2009 ). Similarly, in place discrimination experiments using a radial maze, lesions to the anterior cingulate cortex and to the retrosplenial cortex disrupt the expression of remote, but not of recent, memory (Maviel et al. 2004; Haijima and Ichitani 2008) .
In an attempt to explain this differential pattern of results obtained using nonspatial vs. spatial tasks, some authors have suggested that the hippocampus is always necessary to express spatial memory. If this is the case, hippocampal lesions may cause a deficit in performance rather than a memory impairment, so although remote spatial memory may be spared, the performance deficit impedes its expression (see Clark et al. 2007 for an exposition in greater depth). Specifically, it has been hypothesized that the hippocampus is necessary to update the spatial position of the animal, moment by moment, in order for a specific spatial memory to be expressed during the retention test (Knowlton and Fanselow 1998) . Based on the foregoing, some authors have suggested that the navigational demands of the Morris water maze test are greater than those of the radial maze, which may explain why a larger proportion of studies have found a graded retrograde amnesia when employing the latter (Clark et al. 2007; Frankland et al. 2007) .
In a previous study in the radial maze, we showed that dorsal hippocampus lesions produced a temporally graded retrograde amnesia (Ramos 1998) . In this case, two types of signals were present simultaneously during the training and the retention phases, consistently indicating the location of the goal arm. Specifically, the extramaze constellation of stimuli and the shape of the experimental room (irregular shape, 7 m 2 L-shaped experimental room; see Ramos 1998, Fig. 1; Ramos 2000b, Fig. 3) . The fact that two simultaneous series of cues indicated the position of the goal made our spatial reference memory task a very easy allocentric task, with only minimal navigational demands. In the present study, however, we have employed the same spatial task, but training and retention phases were performed in a regular experimental room (a totally square, 5 3 5 m room) in which the shape of the experimental room was apparently not informative. Thus, a central goal of the present series of experiments was to investigate whether under these conditions, in which our task becomes a highly demanding spatial memory test, the graded retrograde amnesia previously found after hippocampal damage was maintained using our habitual training protocol in the radialarm maze. In order to compensate for, to some degree, a possible deficit in spatial memory expression on remote points, the training started early after weaning and continued until the animals had reached the age of 84 d. A previous study using the water maze found a flat retrograde amnesia despite having trained the rats for the 69 d following weaning (five consecutive days each week) (Clark et al. 2005a ). However, this possibility has not yet been tested in a task such as the radial maze, with fewer navigational demands than the water maze. To investigate this, we applied early and extensive training in the first two experiments of this series. The hippocampal lesions were made 1 or 70 d after acquisition. The retention phase took place on three consecutive days of retraining, and in this way, with such a long retention period, any possible spared remote spatial memory would have more opportunity to become visible, despite the possible performance deficit caused by the hippocampal lesion.
Results

Experiment 1: Neurotoxic lesions of the hippocampus 1 d after learning
It is generally established that dorsal hippocampal damage produces retrograde amnesia in rats for recent spatial information. The aim of this experiment was to investigate this idea, using our typical spatial reference memory task, when an extensive and early period of training is employed. A four-arm plus-shaped maze was used in such a way that three arms were for starting and the fourth was the goal arm. The training phase started postnatal day 28 and continued for five consecutive days each week for a total of 8 wk, with eight daily trials being performed. After a 1-2 d period following the last training session, rats received bilateral N-methyl-D-aspartate (NMDA) (n = 9) or sham lesions (n = 9) in the dorsal hippocampus. Twelve days after surgery, we examined spatial performance using a long period of retraining, with 16 daily trials being performed on three consecutive days. The rationale was that the rate of relearning should be greater the more presurgical spatial memory was spared. However, given that the rate of relearning could be contaminated by learning effects, performances of the lesioned and control groups were compared to that of additional groups of rats with hippocampal or sham lesions, but with no prior training. Thus, better performance during the retraining phase in the control-relearning group, as compared to the control-learning group, would reflect memory for the original preoperative allocentric information. An important objective of this experiment was to investigate whether this holds true for rats with hippocampal damage.
Histology
In order to quantify the extension of the lesion in each experimental rat, regions of cell loss and gliosis, identified microscopically, were plotted on drawings of coronal sections from the atlas of Paxinos and Watson (1998) . For each hippocampus-lesioned rat, the reconstruction of the lesion was made based on nine coronal sections (anteroposterior levels from the interaural point: +6.8, +6.2, +5.7, 5.2, +4.7, +4.4, +3.8, +3.4, and +2.9). Each coronal section was digitized and the lesioned area was measured in square millimeters by a computer program (Autocard, version 2004) . The volume of damage was expressed as a percentage of normal volume obtained from three normal nonlesioned rats.
A one-way ANOVA revealed that the extent of the hippocampal damage was similar in both lesioned groups (mean retraining group = 81.3 6 12.1 vs. training without prior experience group = 78.9 6 13.2; F < 1). In most animals, the lesion began in the anterior pole of the hippocampus, at the most caudal level of the paraventricular nucleus ( Fig. 1) . At this level, the lateral twothirds appeared lesioned in all the animals, but the most medial portion was intact in most of the subjects. At more posterior levels, specifically at the level of the ventromedial nucleus of the hypothalamus and the mamillary nuclei, the lesion had the same configuration, with extensive zones showing necrosis or missing tissue in the hippocampal CA1, CA2, and CA3 fields. At these levels, in most cases the dentate gyrus was affected, but its most medial region appeared intact to varying degrees. In general, lesions ended between 3.2 mm and 2.8 mm posterior to the interaural point according to the atlas of Paxinos and Watson (1998) , at the beginning of the Sylvius aqueduct. At this level the hippocampal CA1 field and the dentate gyrus were partially affected in 80% of the animals. In the remainder of the subjects, no lesion was observed. Figure 2A shows the performance of the hippocampal and control groups throughout the days of the preoperative training. A twoway ANOVA (group 3 day) indicated the absence of a significant effect between groups (F (1,16) = 2.20, P = 0.15), a significant effect of day (F (39,624) = 117.37, P < 0.0001), but no significant interaction between factors (F < 1). Figure 3A depicts the performance of the hippocampal and control groups during the three days of retraining. A two-way ANOVA (lesion 3 day) revealed a significant effect of lesion (F (1,16) = 128.58, P < 0.0001) and of day (F (2,32) = 7.14, P < 0.002), but not of interaction (F < 1).
Behavioral results
Preoperative learning
Postoperative retention
In order to study whether relearning occurred during the three consecutive days of postoperative testing, two one-way ANOVAs of repeated measures were performed for the experimental and control groups. For the lesioned group, one-way ANOVA indicated no significant differences during the 3 d of testing (F (2,16) = 1.85, P = 0.18); however, significant differences were observed for the control group (F (2,16) = 9.58, P < 0.001). In an attempt to analyze in more depth the performance of the lesioned group, three t-tests showed no significant differences between the performance of the hippocampal group on each day of retraining and the performance expected by chance (first day of retraining, t (8) = 0.14, P = 0.89; second day, t (8) = 1.43, P = 0.18; third day, t (8) = 1.97, P = 0.09). Finally, to find out whether there were differences between the additional groups without previous experience and the groups with previous training, two additional ANOVAs were performed. First, Figure 3B compares the performance of the lesioned group that had previous training with the performance of the lesioned group without presurgical training. A two-way ANOVA showed no significant effects (F group < 1; F (2,30) day = 2.49, P = 0.09; F interaction < 1; Fig. 3B ). In contrast, a second twoway ANOVA between the two control groups (previous training vs. no previous experience), revealed a significant effect of group (F (1,15) = 304.16, P < 0.0001) and day (F (2,30) = 12.90, P < 0.0001), but not of interaction (F (2,30) = 1.70, P = 0.19; Fig. 3C ).
Experiment 2: Neurotoxic lesions of the hippocampus 70 d after learning
Confirming previous studies, experiment 1 showed a profound retrograde amnesia for recent spatial information following hippocampal damage. The aim of experiment 2, however, was to investigate remote spatial memory under the same conditions of acquisition as in experiment 1. Therefore, the only difference between the previous experiment and this one is that here hippocampal lesions were carried out 70 d after the last training session and that 12 d after the surgery we examined spatial performance of the remote information learned presurgically. As in experiment 1, here we used a long period of retraining on three consecutive days, with a total of 48 trials. The rationale was that this long period of retraining might compensate to some extent for a possible deficit in performance that concealed spared memory. Figure 1 . The extent of the hippocampal damage was very similar to that observed in experiment 1. One-way ANOVA indicated similar hippocampal damage for the lesioned animals of both experiments (F < 1). Figure 2B depicts the performance of the hippocampal and control groups throughout the 40 d of preoperative training. A two-way ANOVA (group 3 day) showed only a significant effect of day (F (39,624) = 116.26, P < 0.0001), but not of group (F < 1) or of interaction (F < 1). Figure 3D depicts the performance of the lesioned and sham groups during the retraining period. A two-way ANOVA (lesion 3 day) indicated a significant effect of lesion (F (1,16) = 31.86, P < 0.0001) and of day (F (2,32) = 8.84, P < 0.0008), but not of interaction (F < 1). Like in experiment 1, in the present experiment the extent of relearning was analyzed in each of the groups. On this occasion, however, one-way ANOVA of repeated measures performed for the hippocampal group revealed a significant effect during the 3 d of retraining (F (2,16) = 5.92, P < 0.01), and a marginally significant effect was detected for the control group during the same period (F (2,16) = 3.20, P = 0.06). With regard to the lesioned group, on this occasion, t-tests indicated that the performance of this group was significantly higher than chance during the second (t (8) = 2.36, P < 0.04) and the third (t (8) = 6.89, P < 0.001) day of retraining.
Behavioral results
Preoperative learning
Postoperative retention
To determine whether the improvement observed in the hippocampal group during the 3 d of retraining could be explained exclusively by a learning effect or whether, on the contrary, the preoperative memory retained by the rats contributed to this improvement, the performance of the lesioned group with previous training was compared to that of the lesioned group without previous training. The two groups were of the same age. As illustrated in Figure 3E , the group with preoperative training performed the task better starting on the second day of retraining. A two-way ANOVA revealed a marginally significant effect of group (F (1,15) = 4.27, P = 0.05), a significant effect of day (F (2,30) = 5.41, P < 0.009), and no significant interaction (F (2,30) = 2.47, P = 0.10). Importantly, a comparison between panels B and E in Figure 3 shows the superiority of remote vs. recent memory, when a possible impairment in navigation/performance induced by the hippocampal lesions is controlled by the incorporation of groups without presurgical experience. Last of all, upon comparing the two control groups, with previous training vs. without previous training, a clear effect of group (F (1,15) = 53.9, P < 0.0001) and day (F (2,30) = 4.72, P < 0.01) was found, but not for interaction (F < 1; Fig. 3F ).
With the aim of analyzing the forgetting curves of the control and lesioned groups, we used data from experiments 1 and 2. The analysis focused on the third day of retraining. For this day, a twoway ANOVA (group 3 learning-surgery interval) indicated a significant effect of group (lesion vs. control) (F (1,32) = 80.72, P < 0.0001) and of interaction (F (1,32) = 4.40, P < 0.04), but not of learning-surgery interval (F < 1; Fig. 4A ). As illustrated in Figure  4A , an important piece of data that emerged after this analysis is that the forgetting curves are completely different depending on the group. Specifically, while in control groups forgetting is observed and the performance deteriorates as the training-surgery interval increases (planned comparisons F (1,32) = 4.20, P < 0.05), in the experimental groups the opposite tendency is observed, although no significant differences were found (planned comparisons F (1,32) = 1.24, P = 0.27). Importantly, as a consequence of the foregoing, the difference between the performance of the 70-d hippocampal group and the 70-d control group on the third day of retraining was significantly smaller than that observed in the 1-d groups (1-d groups = 49.4 vs. 70 d groups = 27.8, t (16) = 2.15, P < 0.04).
In an effort to further analyze these data, for each one of the groups with previous experience employed in experiments 1 and 2 (1-d control, 1-d hippocampal, 70-d control, and 70-d hippocampal groups), a new performance percentage was calculated on day three of retraining. Specifically, the performance of each one of the groups without prior training was subtracted from the performance of the corresponding group with prior training (i.e., relearning percent correct minus learning percent correct, day three). So, the new score could, in the lesioned rats, compensate, at least partially, for a possible deficit in performance/navigation and highlight a possible temporal gradient. Figure 4B depicts the performance of each of the four groups as calculated above. A two-way ANOVA (group 3 learning-surgery interval) showed only a significant effect of group (F (1,32) group = 68.10, P < 0.0001; F (1,32) learning-surgery interval = 1.63, P = 0.21; F (1,32) interaction = 1.15, P = 0.29). Since in the 1-d hippocampus group the new score had produced a nonhomogeneous distribution (with positive and negative scores), we attempted to analyze with greater precision whether a temporal gradient for the two lesioned groups had appeared. In effect, a Kruskal-Wallis ANOVA revealed a significant effect between the 1-and 70-d hippocampal groups (performance: 1.6 vs. 16.1, H = 3.64, P < 0.05). Thus, overall, given that at remote points certain preoperative information can still be expressed after a long period of retraining, these results suggest that the hippocampus might play a more decisive role for recent memory than it does for remote memory.
Experiment 3: Neurotoxic lesions of the hippocampus after learning a nonallocentric task (a single extramaze cue)
The third experiment was performed with the aim of investigating whether the animals in experiments 1 and 2 learned the spatial task using an allocentric strategy or, on the contrary, they used a guidance strategy. When a guidance strategy is used, rats learn to approach a prominent cue, which defines, by itself, the location of the goal. Unlike the two previous experiments, in this one, using the same four-arm plus-shaped maze, the goal arm was marked by a blinking light that in all trials maintained a constant radial and vertical distance with respect to the food cup in the goal arm. From trial to trial, the locations of the light and goal were changed randomly to a different arm. Also, the relation between the starting arm and the goal arm was controlled in such a way that at the end of the training (or the retraining) period the number of trials in which the goal arm was located to the right, left, or opposite the starting arm was similar. This created a situation in which the extramaze constellation of landmarks was not relevant, and it was necessary for the animal to use a guidance vs. an allocentric strategy to effectively resolve the spatial problem (O'Keefe and Nadel 1978). Presurgically, rats received eight trials per session and one session per day to reach a learning criterion (14 correct trials on two consecutive days). After a 1-2 d period, rats received bilateral NMDA (n = 7) or sham lesions (n = 7). Finally, 12 d after surgery the rats were retrained on the same spatial task until they reached criterion again.
Several studies have clearly suggested that the hippocampal memory system is necessary for the acquisition and retention of allocentric-allothetic tasks, but that hippocampal damage does not affect the acquisition of spatial problems based on a guidance strategy (Morris et al. 1982; McDonald and White 1993; Ramos 2000a; Save and Poucet 2000 ; but see Epp et al. 2008) . Therefore, as the task used in experiment 3 is clearly solved by using a guidance strategy, we hypothesize that no retrograde amnesia would be observed after hippocampal lesions.
Histology
A schematic reconstruction of the hippocampal lesions appears in Figure 1 . Two one-way ANOVAs indicated similar hippocampal damage between lesioned animals of this experiment and experiment 1 (F < 1) and experiment 2 (F < 1).
Behavioral results
Preoperative learning
As illustrated in Figure 5A , in the training phase (acquisition) the performance of both groups of animals was similar. A one-way . In this case, the performance for each group was calculated by subtracting the performance of each one of the four groups without prior experience from the performance of the corresponding groups with prior training (i.e., relearning percent correct À learning percent correct, on day 3 of retraining). ANOVA did not detect significant differences in relation to the number of errors to criterion (F < 1) or in the mean number of days required to reach criterion (hippocampus = 9.3 vs. control = 9.7; F < 1).
Postoperative retention
During the retraining phase (retention) the rats with damage to the dorsal hippocampus remembered the information learned during the acquisition phase as well as the control subjects. Thus, the performance of both groups did not differ significantly in the number of errors before reaching criterion (F < 1; Fig. 5B ) or in the number of days of retraining before reaching criterion (hippocampus = 4.5 vs. control = 4.7; F < 1).
Experiment 4: Neurotoxic lesions of the hippocampus after learning a nonallocentric task (intramaze cue-based problem)
The aim of this experiment is similar to that indicated for experiment 3. On this occasion, however, only a prominent intramaze cue oriented the animal toward the goal arm. Specifically, throughout the training and retraining periods, a piece of sandpaper was positioned along the entire floor of the goal arm. Otherwise, the behavioral procedure was identical to experiment 3.
Histology
As illustrated in Figure 1 , the extent of the hippocampal lesions was very similar to that observed in previous experiments of this series. Two one-way ANOVAs found no significant differences between the extension of the damage observed in this experiment and that of experiment 1 (F < 1) and experiment 2 (F < 1).
Behavioral results
Preoperative learning
During the acquisition, one-way ANOVA did not detect significant differences in the number of errors to criterion (F (1,12) = 1.63, P = 0.22; Fig. 6A ) or in the number of days to reach criterion (hippocampus = 6.5 vs. control = 6.8; F (1,12) = 1.33, P = 0.27).
Postoperative retention
Data indicated an absence of retrograde amnesia after hippocampal lesions. During the retraining, the mean number of errors to criterion was similar in lesioned and sham-operated rats (F (1,12) = 1.72, P = 0.21; Fig. 6B ). Similarly, no significant differences were detected upon analyzing the mean number of days required to reach the relearning criterion (hippocampus = 3.3 vs. control = 2.8; F < 1).
Discussion
In this series, we investigated the effect of the hippocampal lesions on the recall of a spatial task learned recently (1 d before the surgery) or remotely (70 d before the surgery). Several authors have suggested that for spatial memory, the hippocampus is continually necessary to update the position of the animal during its navigation to a goal (Knowlton and Fanselow 1998; Clark et al. 2007; Frankland et al. 2007 ). To counteract possible performance impairments caused by hippocampal lesions, in experiments 1 and 2 animals received early and extensive training in a spatial reference memory task in the radial maze. Moreover, during the postoperative phase of testing, they received 48 trials of retraining on three consecutive days in order to progressively facilitate the expression of spared memory. The main findings indicate that hippocampal damage produced retrograde amnesia for recent, as well as for remote, material. However, throughout the 3 d of postoperative testing, the performance of the lesioned animals of the remote condition (experiment 2) showed significant improvement. In contrast, rats of the recent condition (experiment 1) did not improve significantly in the same period of time. As a result, the difference between the lesioned and control groups of the remote condition, on the third day of retraining, was significantly smaller than that observed in the groups of the recent condition. Importantly, a temporal gradient was detected between the 1-d lesioned group and the 70-d lesioned group when the performance obtained on the third day of retraining the groups without previous experience was subtracted from that of the corresponding groups that did have prior training.
The fact that the rats that learned the task remotely benefited more from the retraining suggests that certain spared spatial memory exists in these animals, and it may surface progressively as a result of a long period of retraining. This implies that the profound impairment observed in the 1-d lesioned rats cannot be attributed only to a performance deficit; a memory deterioration must exist in these animals. Moreover, the significant progression of performance observed in the 70-d lesioned rats cannot be explained by a reminder effect from the first day of retraining. If that were the correct explanation, the same improvement would have been observed in the 1-d lesioned group, and this is not the case. Also, the fact that the performance of the 70-d lesioned group with prior training was clearly superior to that of the additional lesioned group without previous experience, while such differences are not found in the 1-d lesioned groups, suggests that the improvement detected in the remote-lesioned rats is, in part, dependent on preoperative memory of the original place. The foregoing conclusions, however, should be considered to be tentative, mainly because of the large difference between the 70-d control and 70-d lesioned groups. The important finding here is, nonetheless, that despite these differences, other signs point toward more spared memory in the remote than in the recent lesioned group. In this regard, our results agree with previous studies that have found that the hippocampus is involved in memory for only a short time after learning. Thus, in the radial maze, studies using activity-dependent brain imaging techniques and reversible inactivation of the hippocampus have suggested that remote spatial memory becomes independent of the hippocampus as the consolidation process progresses (Bontempi et al. 1999; Maviel et al. 2004) .
In contrast with the results of experiments 1 and 2, the data from experiments 3 and 4 indicate that, when the spatial task is learned exclusively on the basis of a guidance strategy, hippocampal damage did not produce retrograde amnesia. These data suggest that rats in experiments 1 and 2 must have acquired the spatial task by way of a strategy other than guidance, which probably requires the complex use of allocentric/allothetic cues to determine the correct direction to follow. If they had used a prominent cue for learning, i.e., a guidance strategy, lesioned rats in the first two experiments would not have manifested any deficit in the retraining phase, yet the retrograde amnesia observed in these animals was profound.
Some studies that have used lesion methods have suggested that the hippocampus is equally necessary for both recent and remote spatial memory (Laurent-Demir and Jaffard 1997; Winocur et al. 2005b; Haijima and Ichitani 2008) . However, in none of the studies has there been a retraining period as long as the one applied here. One exception is the study of Kubie et al. (1999) , in which the rats had to learn and remember a dry-land navigation task. After hippocampal damage, Kubie et al. (1999) observed spared remote spatial memory when the hippocampus was lesioned after a 14-wk training-surgery interval, but a profound retrograde amnesia was detected when the lesions took place 1 wk after the end of training. Importantly, the spared-remote memory was only apparent after many reacquisition trials. Thus, in the early phases of retraining, hippocampus-lesioned animals of the remote group performed at chance. In this regard, the results of our present study are similar to the ones communicated by Kubie et al. (1999) , which also suggest that an extensive and early training period is not able to overcome the initial postoperative deficit. The fact that the hippocampus-damaged rats in our study and in the one by Kubie et al. (1999) need a high number of reacquisition trials to express remote memory could reflect some performance impairment caused by hippocampal damage. In our study a relatively long period of retraining was able to partially compensate for the performance impairment, but in studies that have used short periods of postoperative testing it has been difficult to ''catch'' a memory effect (Haijima and Ichitani 2008) .
In agreement with the aforementioned conclusions, several lines of evidence support the idea that the hippocampus is necessary on a continual basis for performance, as it updates the spatial position of the rat during the course of navigation. First, rats with fornix lesions seem unable to learn how to navigate to a hidden platform (''getting there'') although they do appear to be able to learn where the platform is located (''knowing where'') (Whishaw et al. 1995) . Second, rats with hippocampal damage present a clear decline in path integration (or dead-reckoning). In this case the animal must continually compute its position in space in relation to a starting point by integrating the body movement cues generated during its navigation (Whishaw et al. 1997; Etienne and Jeffrey 2004) . In fact, place cells, besides responding to incoming perceptual information, are activated by proprioceptive and vestibular signals generated by movement, suggesting that a crucial role is played by the hippocampus in integrating signals during navigation (Sharp et al. 1995) . In addition, head direction cells have been identified in the hippocampus, and the firing properties of such cells are determined by body movements (Redish 2001) . Third, electrophysiological data suggest that place cells can function as prospective memory neurons, becoming activated when the rat reaches the goal (Hok et al. 2007) or just before the animal makes a correct turn (Ferbinteanu and Shapiro 2003) . Globally speaking, the data set forth above suggest that the hippocampus might form part of a circuit that is in charge of organizing accurate trajectories in space during the navigation. In order to attain optimal navigation, hippocampal cells would have to continually integrate both selfmotion (idiothetic) cues and distal visual (allothetic) cues in order for the animal to successfully reach the goal. From this point of view, therefore, it could be expected that the hippocampal lesions do not eliminate the spatial memory ''per se,'' but rather they interfere with the expression of that spatial memory. Our data support this idea by showing the need for a long period of retraining in order for the 70-d hippocampus-damaged rats to be able to express spared memory in comparison with 1-d lesioned rats.
In addition to the magnitude of the retention/retraining period, an important difference among the various studies that have addressed the hippocampal function in remote spatial memory is the navigational demands of the spatial task employed. In general, the evidence indicates that the fewer navigational demands that a spatial memory task has, the more likelihood there is that a graded retrograde amnesia after hippocampal damage will be observed (Frankland et al. 2007) . In this regard, some authors have suggested that the water maze task, in which very few studies have shown graded retrograde amnesia, has greater navigational demands than the radial-arm maze, in which a larger proportion of studies have observed spared-remote memory (Squire et al. 2004b; Frankland et al. 2007) . Supporting this idea, reversible lesions of the hippocampus impair the expression of both recent and remote memory in the water maze in mice (Teixeira et al. 2006 ) and rats (Broadbent et al. 2006 ), but spared-remote memory is observed when a reference spatial memory task is employed in the radial maze (Maviel et al. 2004 ). Additionally, brain mapping studies show hippocampal activation during the expression of both recent and remote memory in the water maze (Teixeira et al. 2006 ; see also Gusev et al. 2005) . In contrast, using a spatial reference memory task in the radial maze, no hippocampal activation at remote points is observed, but at recent points it is (Bontempi et al. 1999) .
The pattern of results described above could probably explain why in a previous study performed in our laboratory, using the same task as in the present research, a temporally graded retrograde amnesia was obtained (Ramos 1998 ). In our previous study, the training and the retraining took place in a small, L-shaped experimental room in which the particular shape of the surroundings represented, in itself, an informative factor that guided the animal's search for the goal location (Ramos 2000b ; see also Gibson et al. 2007 for a similar phenomenon). Importantly, the fact that two simultaneous series of cues (extramaze landmarks and the salient shape of the room) predicted the position of the goal arm made the spatial task a very easy one, with minimal navigational demands. Under these conditions it is easier to counteract a performance deficit during the course of the retention period, which could, in turn, facilitate the expression of spared preoperative memory. In support of this idea, two recent studies using new paradigms for the study of spatial memory that do not require substantial performance demands, the ''village'' task (Winocur et al. 2005a ) and the paired-associative ''event arena'' (Tse et al. 2007) , have shown a temporally graded retrograde amnesia following hippocampus damage. In consonance with the foregoing, Remondes and Schuman (2004) have shown in the Morris water maze that lesions of the temporoammonic projection from the entorhinal cortex to the CA1 region of the hippocampus produced retrograde amnesia of the task when the lesions were made 24 h following acquisition (recent memory), but spared memory was observed if the lesions were made 3 wk after acquisition (remote memory). Importantly, in the study by Remondes and Schuman (2004) , the temporoammonic damage did not affect new learning, suggesting that this lesion did not affect the normal functioning of the hippocampus, although it did disrupt the cortical-hippocampal interactions necessary for consolidation.
Last, the fact that most of the studies reviewed above have employed complete hippocampus lesions, while only dorsal lesions were made in our study, is worthy of certain discussion. First of all, using the Morris water maze and the Oasis maze, a dryland version of the water maze, Clark et al. (2005b) observed that dorsal hippocampal lesions, made after training, impaired the performance of both tasks to the same degree as complete lesions. These data agree with the initial studies by Moser et al. (1995) , which found that small blocks of the hippocampus are sufficient for learning a reference memory task in a water maze, provided that the block is located within the dorsal hippocampus. The same group showed that dorsal hippocampal lesions impaired the acquisition of spatial learning in the water maze more than equally large ventral lesions (Moser et al. 1993; Moser and Moser 1998) . Second, using a four-baited/four-unbaited version of the eight-arm radial-maze task, Pothuizen et al. (2004) showed that excitotoxic lesions of the dorsal hippocampus were as effective as complete lesions for disrupting both reference and working spatial memory; however, rats with ventral lesions performed the task almost as well as the controls did. Third, it has been suggested that the ventral hippocampus is necessary in various nonspatial learning and memory paradigms that involve, principally, stressand anxiety-related processes (Kjelstrup et al. 2002; Bannerman et al. 2004) or some aspect of temporal processing of long CS-US trace intervals in conditioning (Koh et al. 2009 ). Overall, therefore, the above papers suggest that complete lesions probably would have changed the final results of the present study very little. However, future investigations should look into whether the ventral hippocampus plays some role in the consolidation of spatial memory in our specific paradigm.
To conclude, using a highly demanding navigational task based exclusively on the extramaze landmarks of a regular-shaped room, hippocampal lesions produce a profound retrograde amnesia independent of the training-surgery interval. However, with retraining, certain spared remote, but not recent, spatial memory is observed. Thus, the long period of testing could be partially compensating for a navigational/performance deficit.
Materials and Methods
Subjects
The subjects were 96 male Wistar rats from the breeding colony of the University of Granada (260-330 g at the time of surgery). Rats were housed singly and maintained on a 12:12 h light/dark cycle. Behavioral testing was performed during the light phase of the cycle. All experimental procedures were performed in conformity with European (86/609/EEC) and Spanish (BOE 252, 2005) legislation and were approved by the Ethics Committee for Animal Research of the University of Granada (protocol number: 25-2005) .
Surgery
Under the effects of sodium pentobarbital anesthesia (50 mg/kg ip, Sigma Chemical), the rats were placed in a David Kopf stereotaxic apparatus with the incisor bar adjusted so that lambda and bregma were level. Rats were randomly assigned to either an experimental or a control group. The lesioned subjects received bilateral injections of NMDA (Sigma Chemical, PBS, pH 7.4, 0.07 M) through the insertion of a 30-gauge stainless-steel cannula in eight sites of the dorsal hippocampus in relation to the interaural zero point (Paxinos and Watson 1998) : AP = +5.9, L = 61.6, V = +6.5; AP = +4.8, L = 62.5, V = +6.5; AP = +3.8, L = 63.2, V = +6.5; and AP = +3.0, L = 64.0, V = +5.4. The neurotoxin was administered in a 0.4-mL volume at each site through the cannula that was attached to a 5-mL Hamilton microsyringe. Delivery of the solution was carried out with a Harvard apparatus pump set (model 22) at an infusion rate of 10 mL/h. The cannula was left in situ for an additional 5 min before being withdrawn. The rats in the control groups underwent the same surgical procedure, except that no solution was administered through the cannula. Finally, dorsal hippocampal lesions were made instead of complete hippocampal lesions, because several studies have shown that the dorsal hippocampus is more important for spatial memory than is the ventral hippocampus (Moser et al. 1993; Pothuizen et al. 2004 ).
Apparatus
A four-arm plus-shaped maze was used. Each arm of the maze measured 60 cm in length 3 10 cm in width and was connected to an octagonal central platform 35 cm in diameter. The walls of the central platform were made of transparent Plexiglas and were 15 cm in height. The walls of each arm were made of wood and measured 5 cm in height. The maze was 60 cm from the floor and a 200-W light bulb was hanging from the ceiling, 1.2 m above the center of the platform.
The water deprivation program began on postnatal day 25 and training began on postnatal day 28. Starting on postnatal day 22, all rat pups were handled for 10 min daily until the day training started. During the training rats received eight trials per session and one session per day on five consecutive days each week. The acquisition period ended after 40 d of training, when the animals were 84 d old. The order in which the different arms were used as starting arms was randomized in each daily session. A small burette with a spout was placed at the end of each arm, at 5 cm from the arm's floor. Only the burette in the goal arm (west) had water in it. The rat was considered to have made a choice when, having entered an arm, it crossed the halfway point with its four limbs. After a choice was made, the guillotine doors were lowered and the animal was left in the chosen arm for 7-8 sec. The rat was then picked up and confined in a box for an intertrial interval of 30 sec. Between trials, the maze was rotated 90°in a clockwise direction to prevent the rats from using olfactory signals to reach the goal arm. During the postoperative relearning, the behavioral procedure was identical to that of the preoperative phase.
Experiments 3 and 4
In these experiments rats learned a spatial problem using a guidance strategy. In experiment 3 the cue employed for learning was an intermittent light given by a 60-W light bulb. Every second the light bulb gave a flash of light lasting 0.5 sec. The light bulb was located 10 cm above the food cup of the goal arm. It was at a radial distance of 10 cm from the food cup and was 70 cm from the entrance to the goal arm. In experiment 4, however, an intramaze cue was employed. Specifically, a piece of sandpaper measuring 10 3 60 cm (80-grit) was positioned on the floor of the goal arm. In both experiments, since adults rats were used in this case, food was used as the reward instead of water. Two 45-mg food pellets (PJ Noyes) were placed in the food cup located at the end of the goal arm. During the training, from trial to trial the location of the goal arm and of prominent stimulus (extra-or intramaze) were changed randomly. Also, the relation between the starting arm and the goal arm was controlled in such a way that at the end of the training period (or the retraining) the number of trials in which the goal arm was located to the right, left, or opposite the starting arm was similar. This created a situation in which the extramaze constellation of landmarks was not relevant, and it was necessary for the animal to use guidance vs. allocentric strategy to effectively resolve the spatial problem (O'Keefe and Nadel 1978) . During the pre-and postoperative phases, training ended when each rat reached a learning criterion of at least 14 correct trials on two consecutive days.
Histology
When the behavioral testing was completed, the rats were deeply anesthetized with sodium pentobarbital (80 mg/kg ip) and perfused intercardially with 0.9% saline, followed by 10% formalin. After extraction from the skull, the brains were post-fixed in 10% formalin for several days and in 10% formalin-30% sucrose until sectioning. Coronal sections (50 mm) were cut on a cryostat (À17°C) and stained with cresyl violet, a Nissl stain.
